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The ability to precisely count inorganic and organic 
nanoparticles and to measure their size distribution plays a 
major role in various applications such as drug delivery, 
nanoparticles counting, and many others. In this work I present 
a simple resistive pulse method that allows translocations, 
counting, and measuring the size and velocity distribution of 
silica nanoparticles and liposomes with diameters from 50 nm to 
250 nm. This technique is based on the Coulter counter 
technique, but has nanometer size pores. It was found that ionic 
current drops when nanoparticles enter the nanopore of a pulled 
micropipette, producing a clear translocation signal. Pulled 
borosilicate micropipettes with opening 50 ~ 350 nm were used as 
the detecting instrument. This method provides a direct, fast 
and cost-effective way to characterize inorganic and organic 
nanoparticles in a solution.  
In this work I also introduce a newly developed Capillary 
Ionic Transistor (CIT). It is presented as a nanodevice which 
provides control of ionic transport through nanochannel by gate 
voltage. CIT is Ionic transistor, which employs pulled capillary 
as nanochannel with a tip diameter smaller than 100 mm. We 
observed that the gate voltage applied to gate electrode, 
iii 
 
deposited on the outer wall of a capillary, affect a conductance 
of nanochannel, due to change of surface charge at the 
solution/capillary interface. Negative gate voltage corresponds 
to lower conductivity and positive gate increases conductance of 
the channel. This effect strongly depends on the size of the 
channel. In general, at least one dimension of the channel has 
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CHAPTER 1: NANOPORES AND IONIC TRANSISTORS REVIEW 
Introduction 
A Coulter counter is a device that is used to measure the 
size and number of colloids in a particle-filled solution. The 
result is achieved by monitoring the decrease in ionic 
conductivity that occurs when the particle pass through a small 
pore. The Coulter counter is named after its inventor Wallace H. 
Coulter [1] who developed and patented the first counter in 
1953. This was a first attempt to use pores as a sensor for 
organic and inorganic particles. The size of colloids which can 
be analyzed with this method was limited to the pore size. With 
nanotechnology development, it becomes a reality to produce the 
pore size of only few nanometers. It opens a tremendous 
opportunity in bimolecular science, and may solve the problem of 
fast and affordable DNA sequencing. 
The idea of using a nanopore as a biosensor was first 
proposed in the mid of 1996 by Kasianowicz et al [2]. They used 
α-hemolysin protein channels for the characterization of single 
DNA molecule. After several years a number of research teams 
reported a solid-state nanopores as a robust alternative to the 
fragile lipid bilayers and protein nanochannels [3-8]. In next 
decade a lot has been done in nanopore development. Both, solid-
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state and biological has been dramatically improved in 
fabrication approaches. New interesting measurement techniques 
were introduced and more advanced data analysis, together with 
more detailed modeling with molecular level interactions. 
Different types of pore surface chemical modification increased 
functionality and improved different properties of nanopores [9-
14]. More recently, graphene nanopores have been shown to 
provide the possibility of atomically thin membranes and 
electrodes. All these have brought closer to reality direct 
sequencing of a single DNA molecule. 
In summary, the field of nanopores is growing fast. There 
is no doubt that in the near future a great progress will be 
achieved in the field of biophysical sensors. 
For more than 30 years, there is an interest in creating 
lab-on-a-chip systems for bimolecular sensing, ionic and 
molecular transport control, and other health and environmental 
applications. Main characteristics of lab-on a-chip system are:  
1) ability to conveniently (fast and cheap) deliver a small 
amount of sample with extraordinary precision into a biological 
system, and 2) analyze biological substances in an automated 
manner. To satisfy these criteria, it is necessary to have a 
high level of ionic and molecular transport control, which can 
be achieved only in nanometer sized channel. There are different 
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ways to manipulate the motion of ions, fluids, and 
nanoparticles. Most popular is electric field control of ionic 
and molecular kinetics in an aqueous solution since electric 
fields can be precisely managed at nanoscale. 
Biological Nanopores 
The most suitable channel found in nature is α-hemolysin 
(αHL). It is a nanopore from bacteria which is responsible for 
lysis of red blood cells. Cell membranes are made of the dense 
lipid bilayer and impermeable to ions and large molecules. In 
order to obtain nutrients from outside and release wastes, 
channels (or nanopores) are embedded in the membrane [2]. 
Potential difference across the channel can enable ionic flow. 
The αHL has very well controlled geometry and chemical 
structure. Every reconstituted pore is exactly the same. 
However, it functions only in the lipid bilayer, which is very 
fragile. It has a diameter of 1.4 nm at its narrowest point. Its 
size is comparable to the diameter of a single-stranded DNA 
(ssDNA) or RNA and it stays open for a sufficient amount of time 
needed for a translocation. It makes α-hemolysin to be a 
promising tool for DNA sequencing [14,15]. The α-hemolysin is 10 
nm long, and has two distinct parts. It consists of a vestibule, 
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a stem, and a constriction between the vestibule and the stem 
(Figure 1). 
 
FIGURE 1 Α-HEMOLYSIN BIOLOGICAL NANOPORE 
Another biological pore which attracts a lot of attention 
is a connector protein from the bacteriophage phi29 DNA 
packaging motor [16]. The connector has a diameter of 3.4 nm. It 
shows five times higher conductance compares to α-hemolysin. The 
main advantage of bacteriophage phi29 connector is that it 
simply allows to pass molecules of bigger size than αHL. This is 
broadening spectrum of proteins and molecules which can be 
analyzed with biological nanopore. 
Solid-State Nanopores 
While biological nanopores shows tremendous potential and 
very useful in different molecular-sensing experiments, it has 
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some obvious disadvantages, such as poor stability and fixed 
pore diameter. Nanopores manufactured from solid-state materials 
are a great alternative to the biological pores, with a lot of 
advantages. Solid-States nanopores provide superior stability, 
control of channel diameter and length, ability to modify 
surface properties. Different fabrication techniques have been 
developed which can produce a single nanopore down to one 
nanometer in diameter. 
There are four major methods to fabricate nanopores on 
solid-state membranes: 1) Electron Beam Induced Oxide Reflow, 2) 
Ion Beam Sculpting, 3) Track-Etch Method and 4) Electron Beam 
Induced Sputtering. For membrane, most used materials are Si3N4, 
SiO2 and Al2O3. 
The oxide reflow technique consists of two parts. First, 
using e-beam lithography 40-60 nm holes in silicon membranes 
created. Second, using TEM holes are oxidized and shrunk down to 
sub-10 nm pore size. Shrinking process was discovered by Storm 
[17]. It uses a high energy electron beam to liquidize 
surrounding area of the nanopore. As a result oxide reflows to 
minimize surface energy and shrinking the pore. 
Several years ago, Golovchenko group at Harvard proposed a 
new method - ion beam sculpting - by which they fabricated a 
single nanopore in thin Si3N4 substrate with precise nanometer 
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control [18]. They developed an ion beam - machine that drill 
tiny holes in the membrane with focused ion beam. Unique feature 
of that machine is a feedback from single ion detector under the 
membrane which monitors when to stop the beam illumination. 
Depending on the ion rate and temperature, pores could enlarge 
and shrink, allowing the fine-tuning of pores in the nanometer 
range. During FIB drilling process problem of substrate charging 
and vibration rises. SiN 500 nm thick membrane shows mechanical 
breakage under Ion Beam exposure. In order to prevent charging, 
we covered membrane with a 10 nm thin film of platinum. Exposing 
membrane to 20 keV focused Ion Beam for 20 seconds leads to a 
400 nm pore formation. In order to determine the pore size, and 
to make sure that the hole drilled all the way through the 





FIGURE 2 A) SI3N4 MEMBRANE OF 500 NM THICKNESS WITH SURROUNDING SILICON 
SUPPORT OF 200 µM B) STEM IMAGE OF 400 NM PORE DRILLED WITH FIB. CLEARLY 
SHOWS THAT A HOLE DRILLED ALL THE WAY THROUGH THE MEMBRANE. 
For conical shape nanopores a track-etch method typically 
used [19-21]. The fabrication process starts from bombardment of 
µm thick polymer film (like polycarbonate) with a high energy 
ion beam from the MeV accelerator at a normal incident angle. 
Exposed polymer is then placed in the conductivity cell as a 
separation membrane between two chambers. Chemical etching is 
performed in high pH alkaline solution with temperatures about 
50°C from one side. The other side chamber is filled with a 
solution which stops the etching process. Once etchant 
completely penetrates through polymer membrane and solutions 
from both chambers become in contact etching reaction stops. As 
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a result a single conical nanopore formed with diameter as small 
as ~10 nm. 
Electron Beam Induced Sputtering method of pore formation 
involves the use of focused electron beam in the TEM [22-23]. 
Electron Beam with high current density sputters nanopores in 
thin (less than 60 nm thickness) membranes. One big advantage of 
this method is an ability to inspect pore during its formation. 
In addition, this method does not require the use of e-beam 
lithography and following reactive etching process. The pore 
formed by direct electron beam drilling can be as low as 5 nm in 
diameter. Post-drilling exposure to defocused beam shows some 
shrinking effect. 
Carbon Nanotube Nanochannels and Nanopores 
Carbon nanotube (CNT) is another type of solid state 
nanopores which had been used in molecular sensing [25]. 
Exceptional mechanical properties and channel size, which can 
vary from hundreds of nanometers (MWNT) down to a few nanometers 
(SWCNT), are the main advantages of using Carbon Nanotubes as 
nanopore. A single nanopore can be produced by embedding a MWNT 
in epoxy matrix and then cutting epoxy block on thin (about 1µm) 
slices (Figure 3). This method allows to produce a large number 




FIGURE 3 MWNT EMBEDDED IN EPOXY BOX AND SLICED WITH DIAMOND KNIFE FOR 
1MM×1MM MEMBRANES. 
In order to make a few nanometers channel a Single Wall 
Carbon Nanotube (SWNT) can be grown on the oxidized Si substrate 
and covered with a layer of PMMA resist [26]. Then two 
reservoirs can be created by Electron Beam Lithography. The 
exposed parts of CNT can be removed by O2 plasma etch. It also 
insures that nanotube ends will be open (Figure 4). The small 
diameter of SWNT enables a detection of DNA molecules and 




FIGURE 4 CARBON NANOTUBE CHIP. 
Graphen Nanopores 
Graphene is a two dimensional material made of pure carbon. 
A sheet of carbon atoms with honeycomb lattice and thickness of 
only one atomic layer. Extraordinary mechanical and electrical 
properties together with minimal thickness make graphene an 
outstanding natural membrane. Graphene revolutionized nanopore 
industry and opened a new horizon for single molecule sensing 
and DNA sequencing [27]. 
All nanopores described above have channel length much 
bigger than the diameter. Graphene nanopore due to the single 
atomic layer thickness has a pore diameter comparable to channel 




In Figure 5 is a schematic representation of the graphic 
nanopore device. Single layer of graphene is placed on the SiN 
membrane with micron size hole. A single pore can be drilled in 
graphene by Focused Electron Beam in TEM. The size of the pore 
can be as low as 1 nm. 
 
FIGURE 5 GRAPHENE CHIP. 
Capillary Nanopores 
Glass pipettes have several advantages over other type of 
pores, since they are relatively inexpensive and can be prepared 
with a one-step procedure. Nanoparticles and biomolecules down 
to several nanometers can be analyzed with capillary nanopores. 
However, the relatively large pore size makes it unfavorable for 
DNA sequencing. Borosilicate glass capillary is heated with 
filament to softening temperatures, and pulled apart (Figure 6). 
The size of the pore, formed at the orifice of pulling pipette, 
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depends on the different pulling conditions such as temperature, 
glass thickness, and pulling force. With today’s commercially 
available pullers pore diameters down to few tens of nm can be 
achieved [28-30]. In addition to glass capillaries, quartz 
pipettes may be used. Quartz shows better mechanical and 
dielectric properties, but has higher softening temperatures. 
 
FIGURE 6 CAPILLARY PULLING PROCEDURE. 
An alternative technique for glass nanopipettes fabrication 
employs a Pt wire with a sharp tip which forms the nanopore 
replica. The sharpened tip is sealed completely into a glass 
capillary [31]. The closed tip is then polished down so that the 
Pt tip is revealed. The final step is a Pt wire etching leading 
to the formation of an open glass nanopipette. The diameter of a 
pipette prepared by this method can be as small as 100 nm. 
Recently, several research groups used glass capillary as 
nanoparticles characterization tool. Steinbock et al. [32] 
performed size and charge characterization of microparticles 
employing pulled micropipette. They also studied colloid 
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dynamics of particles for a different size, coating, and ion 
concentration. 
Karhanek et al. used micropipette for detection of a single 
DNA molecule labeled with nanoparticle [30]. They used 50 nm in 
diameter pore to detect ionic current blockade during 
translocation of 24-base single-stranded DNA, labeled with 10 nm 
gold nanosphere, through capillary pore. 
Ionic Transistors 
Ability to control ionic and molecular transport in 
nanochannels attracts a lot of interest in chemistry and 
biophysics. It plays an important role in many biological 
processes in living organisms. Nanofluidic devices such as ionic 
diode and ionic transistor are essential elements in ionic 
transport regulating systems. It's also used in many 
biotechnological applications such as separation, sensing and 
drug delivery and potentially can be lead to ionic logic 
operations. 
Ionic transistor is a device which enables control of ionic 
current through a nanochannel in both directions, by a small 
change in a gate voltage. The mechanism of this phenomenon can 
be explained by the change in electrostatic potential due to 
modulation of surface charge at the inner capillary wall. Solid 
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surface immersed in an electrolyte solution, acquire a surface 
charge due to absorption of ions or dissociation of ionizable 
groups at the liquid - surface interface. Depending on the pH 
value of the solution surface charge will be positive or 
negative.  
Recently, many sophisticated devices were constructed for 
more advanced ionic current control. Karnik et al. and Fan et al. 
showed an ionic current transistor, employing silica 
nanochannels with gate electrode on it (Figure 7) [33,34]. Gate 
voltage controls ion concentration in the channel, thereby 
modulating the ion conductivity through the channels, similar to 
the operation mechanism of field-effect transistors (FETs). 
Kalman et al. presented ionic current bipolar junction 
transistors (BJTs) with double-conical nanopore, where the pore 
wall was separated by three different charge regions (positive-
negative-positive) [35]. Switch of ionic current from “ON” to 
“OFF” was performed chemically by changing the pH and 
concentration of electrolyte. Theoretical description of ion 
transport in nanofluidic devices also confirmed that an ionic 
current flow in nanofluidic channels with three different 
charged regions can manipulated by charge density on the gated 




 FIGURE 7 NANOFLUIDIC TRANSISTOR 
Borosilicate glass capillary filled with saline solution 
have a negative surface charge at pH 7. Increasing pH tends to 
make surface charge more negative, while lowering pH neutralize 
it and may even switch polarity. Electrostatic interactions 
between capillary wall and aqueous solution affect ionic 
transport through the channel due to overlap of the electrical 
double-layer, which is possible only if the diameter of the 
channel is comparable to Debye length. The surface charge can be 
modulated externally by applying a gate voltage. This is similar 
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CHAPTER 2: NANOPARTICLES CHARACTERIZATION METHODS 
REVIEW 
Introduction 
In nanotechnology era nanoparticles-based materials attract 
a lot of attention from industry and research communities. Many 
nanomaterials are already used in everyday life. Nanoparticles 
become an essential component in food industry and cosmetics. 
However, this is just a beginning. Nanoparticles future is 
bright and expectations are high. There is a great potential of 
using nanoparticles in drug delivery systems and photovoltaic 
cells.  
In order to succeed with such an ambitious goal, it is 
crucial to know main nanoparticles characteristics, like size, 
charge, mobility and others. Nanoparticles characterization is 
not an easy task. In addition to small size (1-100 nm) many 
particles (liposomes, vesicles, proteins, viruses, DNA) exist in 
liquid environment. It makes characterization even more 
challenging. At this time, to the best of our knowledge, there 
is no an ultimate method which can routinely measure size 
distribution in the 1-200 nm range. Currently, there is only one 
technique capable of providing size measurements in different 
environment. It is transmission electron microscopy (TEM). 
However, cost and complexity make TEM unsuitable for routine and 
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frequent measurements. Therefore, development of convenient and 
reliable method for particle characterization become a first 
priority. 
Electron Microscopy 
Mostly used technique for size characterization of 
nanoparticles is electron microscopy, Scanning Electron 
Microscopy (SEM) or Transmission Electron Microscopy (TEM). 
While being very accurate, these tool require sample preparation 
for a further introduction to high-vacuum chamber. For liquid 
inhabitants imaging drying approach can be used. However, sample 
drying can affect nanoparticles properties and even change the 
size. For example vesicles in aqueous solution respond to pH 
change by expanding or shrinking in size. Another option is to 
use specialized “environmental” SEM/TEM systems which can work 
with liquid containing samples. In addition, equipment used for 
electron microscopy is expensive and requires advanced technical 
maintains. 
Electron microscopy has a several advantages. It can 
characterize the sample with different size population and 
different particle shapes, which is not measurable by any other 
method. In addition, electron microscopy provides a real 
particle size, while other techniques like optical 
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chromatography and centrifugal give only apparent size due to 
hydrodynamic effect. It leads to an overestimate of the actual 
particle size. For non-spherical shapes, the non-imaging 
techniques are not able to provide accurate size, without prior 
knowledge of particle geometry.  
There is image analysis software to assist in the process 
of measuring particle size distribution for a large number of 
colloids. While cost and complexity put some limitation, for 
routine use of electron microscopy, however, it may be a good 
calibrating tool for other methods. 
Laser Light-Scattering Techniques 
For size measurements directly in liquid most popular 
method is laser light-scattering. It is also known as photon 
correlation spectroscopy (PCS) or dynamic light-scattering 
(DLS). 
When a ray of light is scattered by moving particles in a 
dispersion, there will be 2 important phenomena. These are 
intensity fluctuation and frequency shift of the scattered 
light.  
The study of scattered intensity fluctuation which is 
called Dynamic Light Scattering [] results in the dynamic of the 
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particles. The relationship between fluctuation in concentration 






 ( 1 ) 
Where C(x, t) is the particle concentration at location x at 
time t, and D is a translational diffusion coefficient. For a 





 ( 2 ) 
Where kB is Boltzmann constant, T is absolute temperature, η 
is viscosity, and R is the radius of the particle. 
The scattered intensity fluctuations due to the above 
concentration fluctuation is given by time intensity auto-
correlation function: 
𝑔(𝑘, 𝜏) = EXP⁡(−𝐷𝑘2𝜏) ( 3 ) 
Where k is scattering vector and τ is the delay time. The 







) ( 4 ) 
Where n is the refractive index of the solvent, λ is the 
wavelength of light in free space, and θ is the scattering 
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angle. Fourier transformation of Equation 3 from time domain to 
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 ( 5 ) 
Where ω is the angular frequency of the incident light. The 




 ( 6 ) 
Equation 6 shows that the center of the power spectrum is 
at frequency ω, which is not shifted. However, there is a 
broadening and it is shown by a factor of 2Dk2 at half height of 
the power spectrum (Figure 8a). The fact that the half width of 
the half height of the power spectrum Dk2 can be determined by 
using spectrum analysis, the radius of the particle can be 
determined by equating Dk2 with Equation 2 and Equation 4. This 





FIGURE 8 (A) POWER SPECTRUM BROADENING, (B) FREQUENCY SHIFT DUE TO 
ELECTROPHORESIS 
When the particles move not only due to diffusion, but also 
due to electrophoresis, the power spectrum will be broadened but 
the peak frequency will be shifted. Due to the electrophoresis 









 ( 7 ) 
Where v is the velocity of the particle due to 
electrophoresis. This causes the intensity time autocorrelation 
function to be modified into 
𝑔(𝑘, 𝜏) = EXP(−𝑖𝑘𝑣𝜏)EXP⁡(−D𝑘2Τ) ( 8 ) 
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Fourier transformation of Equation 8 from time domain to 




 ( 9 ) 
Equation 9 shows that the power spectrum is broadened by Dk2 
and the peak frequency is shifted by kv, which is from ω to ω + 
kv (Figure 8b). However, the velocity of the particle undergoing 
electrophoresis is usually normal to the electrodes, so that it 
is not parallel to the scattering vector, k. Therefore, the 
velocity contributing to the frequency shift should be the 
component of electrophoretic velocity that is parallel to the 
scattering vector k (Figure 9) which is v*cos(θ/2). Therefore 
the frequency shift measured by the spectrum analyzer will be 
kv*cos(θ/2). 
 





Another techniques which attracts our attention is 
centrifugal particle sedimentation (CPS) and analytical 
ultracentrifugation (AUC). These methods are effective for 
particle size mixtures. Operational principle based on the fact 
that in general particles have a different (usually bigger) 
density than the liquid they are suspended [2,3]. Therefore 
gravity or centrifugal force will make them floating or sinking 
in the solution. Since centrifugal force is proportional to the 
mass, the larger colloids will drift faster than smaller ones. 
In addition to driving centrifugal force, there are buoyant and 
viscous force. Under the influence of these three forces 
particle moves with terminal velocity, which is proportional to 
the particle size. Applying theoretical models, based on 
thermodynamics and hydrodynamics principles, combined with 
measured time of sedimentation particle size can be determined. 
CPS and AUC have a great resolution, size can be determined with 
an accuracy of 2-3 nm. In addition, before going through a 
detector particles separated by size and it became possible to 
quantify the amount of particles in the sample [4]. 
CPS and AUC have a number of important disadvantages. While 
both have similar operational principals, AUC permits much 
higher centrifugal forces (may exceed 100000g) which leads to 
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faster separation process. That is important for small low-
density particles, which sediments very slowly (in some cases it 
is not going to sediment at all) in CPS. Therefore, CPS is not 
capable of measuring small low-density particles. AUC on the 
other hand, due to high centrifugal force, may overcome this 
limitation. However, accuracy will be compromised. Under high 
force small particles tend to aggregate. In order to calculate 
the particle size it is necessary to know the density of 
material, which is very problematic after aggregation. It 
becomes particularly challenging in the case of biological 
samples, like vesicles, which have a high tendency to aggregate. 
Field-Flow Fractionation 
The last technique that will be described is field flow 
fractionation. This method does not give direct particle size 
calculation, but very convenient for size separation. Then it 
can be coupled with different size determination detectors, 
including described above. Particles dispersed in a solution 
which is confined within the channel with impermeable top and 
liquid permeable membrane at the bottom. Pressure applied across 
the channel from top to the bottom can push liquid through the 
membrane and out of the channel. A laminar flow along the 
channel has a parabolic shape. The stream moves faster in the 
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middle and slower at the boundaries of the channel. When force 
field is applied perpendicular to the stream it pushes particles 
towards membrane. Diffusion due to the Brownian motion acts in 
the opposite direction. Particles with higher diffusion rates 
(corresponds to smaller diameter) tends to move closer to the 
center of the channel, where the longitudinal flow is faster 
(Figure 10). Velocity gradient will separate particles by size 
[5]. The main limitation of FFF is the inability to distinguish 
between single and aggregated particles. 
 
FIGURE 10 SCHEMATIC VIEW OF A FIELD FLOW FRACTIONATION CHANNEL SHOWING 
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CHAPTER 3: CHARACTERIZATION OF LIPOSOMES AND SILICA 
NANOPARTICLES USING RESISTIVE PULSE METHOD 
Introduction 
Size plays an important role in the properties of 
nanoparticles [1,2]. The ability to determine the size 
distribution and concentration of nanoparticles are extremely 
useful in numerous applications [3,4]. Traditionally, 
determination of the size and concentration of nanoparticles has 
been performed through chromatography [5], gel electrophoresis 
[6], or dynamic light scattering [7]. In addition to the above 
methods, the Coulter Counter technique [8] also has been widely 
used for particle counting and sensing [9,10]. The counter uses 
a membrane with a single tiny pore to separate chambers, filled 
with particle-laden solution. The ionic current through the 
pore, created by electric potential applied between the two 
chambers, depends on the diameter of the pore and drops when it 
is blocked by the translocation of particles. By monitoring 
these signals, it is possible to count the number of particles 
translocated through the pore from one chamber to another, and 
the particle size can be determined if the pore size is known. 
The size of particle which can be detected by this method is 
limited by the diameter of the pore. Currently, commercially 
available Coulter Counters have a sensing pore size about a few 
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micrometers in diameter and can detect particles as low as 
several hundred nanometers. Recently, several research groups 
used solid-state nanopores [11,12] and biological membranes 
[13,14] which has a size of only few nanometers. Several groups 
used carbon nanotubes (CNT) as a nanopore, which has a diameter 
as low as ~1 nm, making it ideal for DNA sensing [15,16]. 
Glass pipettes have several advantages over other type of 
pores, since they are relatively inexpensive and can be prepared 
with a one step procedure.  Depending on the different pulling 
conditions such as temperature, glass thickness, and pulling 
force, pipette diameters down to 37 nm can be achieved [17].  
In this article, we demonstrate voltage controlled 
translocations of SiO2 nanoparticles and liposomes, with 
diameters of 80 to 180 nm through different size glass pipettes. 
The experimental setup is presented on the Figure 11. In 
addition to the resistive pulse method, we also used ImageJ 
software, which retrieves particle sizes from SEM images to 
verify our size measurements. We notice the dependence of 
particle concentration on signal frequency during 





FIGURE 11 SCHEMATIC ILLUSTRATION OF THE EXPERIMENTAL DEVICE. VOLTAGE 
APPLIED TO THE AG/AGCL ELECTRODE WHICH IS INSIDE THE NANOPIPETTE, WHILE THE 
REFERENCE ELECTRODE IS GROUNDED. SIO2 NANOSPHERES, DRIVEN BY ELECTROPHORETIC 
FORCE, TRANSLOCATE INSIDE THE CAPILLARY. 
Experimental 
In the translocation experiments, SiO2 nanoparticles 
(“Corpuscular”, Cold Spring, NY) with average diameters of 80 
and 180 nm (Fig. 8a) and liposomes with an average diameter of 
100 nm were used. The SiO2 nanoparticles were purchased from 
Corpuscular Inc., Cold Springs, NY, while the liposomes were 
prepared using lipids from Avanti Polar Lipids Inc. with the 
composition of 52.5% POPC(1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), 21% POPE (1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine), 13%POPI (1-palmitoyl-2-oleoyl-sn-glycero-




10% cholesterol. These lipids are first dissolved in chloroform 
(CH3Cl) for thorough mixing. Then the chloroform is dried by 
steady dry nitrogen gas flow, leaving the mixed lipids formed as 
a film at the bottom of the vial. This vial is again placed in a 
vacuum pump overnight for complete drying. Finally, the 
hydration of lipids is realized by adding 0.5M KCl solution and 
shaking vigorously. The lipids will self-close to form large 
vesicles once hydrated, due to the hydrophobic nature of the 
lipid tail and hydrophilic lipid head. The desirable size of 
liposomes is achieved by a range of different size extruders 
(200nm, 100nm, 80nm and 50nm, Avanti Polar Lipids Inc extrusion 
module and polycarbonate membranes). Both SiO2 nanoparticles and 
liposomes are typically negatively charged, and the amount of 
charge depends on the pH value of the solution in which they 
have been immersed. 
Micropipettes with nanopores were fabricated from 
borosilicate capillaries with initial inner diameter 0.8 mm and 
outer diameter 1.5 mm. These capillaries were placed into a 
pipette puller (P-2000, “Sutter, Novato”, CA) in order to 
achieve required orifice sizes. Prior to pulling, the glass 
pipettes were cleaned thoroughly with alcohol. The inner 
diameters of the nanopores were determined by Scanning Electron 
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Microscopy (SEM) images (Fig. 8b) taken by Zeiss Ultra SEM. To 
prevent the charging effect, these pipette tips were sputter-
coated with thin platinum film before imaging. The micropipettes 
with nanopores was filled with 0.1M to 1.0M potassium chloride 
(KCl) solution and immersed in the bath with the same solution. 
A 0.2 mm diameter, Ag/AgCl measurement electrode was embedded 
into the capillary. Another Ag/AgCl reference electrode was 





FIGURE 12 A) SILICON OXIDE NANOSPHERES WITH AVERAGE DIAMETER 180 NM. THE 
IMAGE WAS TAKEN WITH ZEISS ULTRA SEM. B) BOROSILICATE GLASS CAPILLARY WITH A 
PORE DIAMETER AT ORIFICE AROUND 320 NM (INSERT) C) IMAGE OF THE NANOPIPETTE WITH 
A BROKEN TIP, INDICATING PRESENCE OF NANOPARTICLES INSIDE THE CAPILLARY AFTER THE 
TRANSLOCATION EXPERIMENT. 
The average distance between the electrodes was 5-7 mm. 
Before each experiment the electrode offset was set to zero, and 
ionic current was measured for different voltages. As expected 
the typical current-voltage (I-V) dependencies were linear. The 
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measured slopes of the I-V curves are correlated with the 
diameter of the pores as shown in Figure 13. 
 
FIGURE 13 DEPENDENCE OF PORE DIAMETER VERSUS RESISTANCE OF THE PORE. 
RESISTANCE WAS CALCULATED FROM THE I-V SLOPE AND PORE DIAMETER DETERMINED FROM 
SEM IMAGE. EACH DATA POINT IS AN AVERAGE OF 10 PIPETTES PULLED WITH THE SAME 
PULLING CONDITIONS. ALL MEASUREMENTS HAVE BEEN MADE IN 1M KCL SOLUTION. 
Pipettes with highly non-linear I-V curves, indicating 
broken tip, were discarded and were not used in further 
experiments. Afterwards, the SiO2 nanoparticles were injected 
into the bath solution close to the orifice of the 
nanocapillary. For ionic current recording we used an Axopatch 
200B amplifier in the voltage clamp mode with a low-pass Bessel 
filter at 2 or 5 kHz bandwidth. The signal was digitized by an 
Axon Instruments Digidata 1440A Series with sampling rate 250 
kHz, and recorded by AxoScope 10.2 (Axon Instruments, USA). 
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Histograms and statistical analysis were performed using Origin 
8 (OriginLab, Northhampton, MA). To determine the event 
amplitude and duration, the base line current was calculated as 
an average of ionic current a few milliseconds before the event 
started. The difference between baseline and peak current is 
defined as event amplitude. The moment when the current drops 
below a threshold is considered as the beginning of the event 
and vice versa for the end of the signal. 
Results and Discussions 
Figure 12(a) shows Silica nanospheres with an average 
diameter of about 180 nm used for translocations. Figure 12(b) 
demonstrates the borosilicate glass capillary with a pore 
diameter at orifice around 320 nm (insert). Figure 12(c) shows 
image of a used micropipette, clearly indicating the presence of 
nanoparticles inside the capillary after the translocation 
experiment. The current-voltage (I-V) characteristic was checked 
every time before introducing nanoparticles to the translocation 
system. For each linear I-V curve, we calculate the resistance 
of the pore. The relationship between the resistance and the 
pore size was determined experimentally, using SEM images 
(Figure 13). In order to minimize the noise, the experiment set 
up was placed inside a Faraday cage on a vibration-isolated 
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table. In general, noise can arise from many sources, such as a 
broken pipette, an ill-prepared electrode, video monitors, power 
lines, fluorescent lights, or mechanical vibration. In our case, 
the typical root-mean-square (rms) noise at 2 kHz bandwidth is 
in the range of 5-10 pA. 
Figure 14(a) presents current-time (I-t) data for 
translocations of SiO2 nanoparticles (diameter = 180 nm) in 0.1 M 
KCl solution but with different concentrations of SiO2 
nanoparticles as indicated. Individual pulses are detected in 
the I-t trace, corresponding to the translocation of 
nanoparticles through the nanopore channel. At 1010 particles per 
milliliter, only two events are registered during a 10 seconds 
interval. However, as the particle concentration increased 10-
fold, the translocation events seem to increase more than ten-
fold. In addition, a few events with larger amplitude are also 
detected, as shown in Figure 14(a). These larger pulses could be 
due to the translocation of aggregated nanoparticle or they can 
be due to the simultaneous translocation of multiple 
nanoparticles, resulting in relatively large amplitude with 
longer time duration for translocation [18,19,20]. Also, the 
frequency of current pulses is increasing with increasing 
nanoparticle concentration in solution. The event frequency also 
increases with the applied voltage, since the stronger 
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electrophoretic force seems to drive more particles into the 
nanopore [21,22]. After turning off the voltage, the 
translocation events were not observed. We noticed that the 
baseline of the 1012 particles per ml concentration is slowly 
decaying.  This baseline current decay may be attributed to 
several factors such as charging effect, electrode erosion, 
electrochemical reactions at capillary surface and others. It 
requires additional investigation to verify the mechanism of 
this phenomenon. However, in our present work, this small base 
current drift will have little effect on our size calculation. 
The translocated particles are clearly visible on the SEM 
image of nanopipette with a broken tip (Fig. 8c). According to 
Lan W.J. [23], the translocation of nanoparticles is driven by 
the electrophoretic force imposed by the applied voltage between 
the Ag/AgCl electrodes. In our apparatus, a resistive pulse in 
the I-t data recordings are detected as the nanoparticle passes 
through the orifice of the nanopore in micropipette. The average 
time for translocation of a 180-nm-diameter particle through our 
micropipette nanopore is about 4 ms at 700 mV, based on an 




FIGURE 14 A) TRANSLOCATION SIGNALS OF 180 NM SIO2 NANOPARTICLES FOR THREE 
DIFFERENT PARTICLE CONCENTRATIONS: 11010 PARTICLES PER MILLILITER, 11011 
PARTICLES PER MILLILITER, 11012 PARTICLES PER MILLILITER. PARTICLES WERE 
DISPERSED IN 0.1M KCL SOLUTION. PIPETTE WITH 320 NM PORE DIAMETER WAS USED, 
AND 1000 MV VOLTAGE APPLIED. B) CURRENT RECORDED IN KCL SOLUTION WITH SIO2 
PARTICLES INJECTED WITH SYRINGE RIGHT NEXT TO THE CAPILLARY TIP. 
The translocation experiment relies upon the ratio of the 
pore volume to the particle volume. When a particle enters a 
cylindrical pore the resistance R increases by R. For the case 
when d < D and D <<L, Deblois and Bean [24] presented an 
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equation derived from the solution of a Laplace equation, which 




𝐹 ( 10 ) 
Where  is the resistivity of the solution, d is the 
diameter of the particle, D is the diameter of the pore, and F 
is a correction factor which is given by 










+⋯⁡ ( 11 ) 
Since the pore resistance R is much larger than any other 
resistances in the circuit (electrode/fluid interfacial 
resistance for example), the change in current is dominated by 
the partial blocking of the channel. Under this condition, the 







 ( 12 ) 
Combining equations 10 with 12, we end up with the 
following expression that related our translocation measurements 





 ( 13 ) 
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Where ΔI is the change in current, I is the background 
current, and other parameters in this equation have been given 
in previous paragraphs. We note that eq. 13 is independent of 
the length of the channel L. With this equation, all 
translocation measurements of particle size using different pore 
size can be plotted on one graph. 
One approximation in this model is that the conduction 
channel is considered to be a cylindrical channel, which is a 
simplified version of the conical shape channel of the glass 
pipette. Asymmetry of the channel affects two aspects of the 
resistive pulse measurements: (a) the slow increase of the 
current as the particle goes gradually toward larger radius part 
of the pipette, (b) net resistance of the channel. However, it 
has no consequence on our measurements, since we only use the 
maximum pulse height for our size measurement [26]. The net 
resistance of the asymmetrical channel is already reflected in 
the base current (corresponding to an open pore). We demonstrate 
later that this simple model yields very good agreement with the 
data obtained from direct imaging of the nanoparticles. 
In Figure 14(b) we showed a typical current vs. time 
translocation plot of SiO2 nanoparticles through a 320 nm pore 
opening into the micropipettes. The solution used here is 0.1 M 
KCl and the SiO2 nanoparticles have a diameter of 180 nm. As we 
45 
 
can see that before the injection of the SiO2 nanoparticles, the 
ionic current is rather stable with a fluctuation of about ~2 
pA. After the injection of the nanoparticles, the sudden change 
of the current (blockage of current) is caused by the 
translocation of the nanoparticles through the micropipette 
channel. The maximum amplitude occurred at the point where the 
channel has a minimum dimension, i.e. at the tip of the 
micropipettes. The typical amplitude of current blockage is 
about 50 – 200 pA and the frequency of blockages in this 
particular case is around 250 ± 50 Hz, which mostly depends on 
the concentration of the nanoparticles and to a lesser degree 
also on the applied voltage used.  The insert in Figure 14(b) 
showed an enlarged view of a single translocation event. We can 
see that the current dropped abruptly (within 1.5 ms), from the 
background current value to its minimum value before it gradual 
recover its background current within 2-3 ms. This signal 
behavior is commonly observed in other similar translocation 
experiments [18, 23, 27] when a conical shaped channel is used. 
Next we demonstrate that the micropipette-based resistive 
pulse method can be used for smaller SiO2 nanoparticles and also 
for synthesized artificial vesicles such as liposomes. Figure 
15(a) shows the translocation events of 80 nm SiO2 nanoparticles 
in 1M KCl solution with 1.0 V potential applied.  The pore 
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diameter of the pipette in this case is 120 nm. Figure 15(b) 
shows the translocation events of 100 nm diameter liposomes in 
0.5 M KCl solution. The potential applied is 1.0V and a 160 nm 
pore micropipette is used in this case. The baseline current 
represents the ionic conduction through the nanopore when no 
translocation occurs. In Figures 15(a) and 15(b), baseline 
currents of 11.7 and 13.0 nA are obtained. In Figure 15(c) and 
Figure 15(d), event amplitudes versus event duration of the 
translocations peaks are presented as scatter plots. Figure 
15(c), shows a scatter plot for the 80 nm SiO2 nanoparticles, 
while Figure 15(d) shows translocation events of 100 nm vesicle 
particles. In both cases, we can see that each translocation 
event is represented as one data point in the scatter plots. 
Using the event current obtained from the scatter plots and the 
equation 13 above, we are able to plot the size distribution of 
the nanoparticles independent of the size of the nanopore used 
or the applied voltage across the nanopore. Note that we use 
different KCl concentrations for the above measurements to 





FIGURE 15 A) TRANSLOCATION SIGNALS OF 80 NM SIO2 NANOPARTICLES IN 1M KCL 
SOLUTION WITH 1000 MV POTENTIAL AND PORE DIAMETER 130 NM, B) TRANSLOCATION 
SIGNALS OF 100 NM VESICLES IN 0.5M KCL SOLUTION WITH 1000 MV POTENTIAL AND 
PORE DIAMETER 160 NM, C) EVENT AMPLITUDE VERSUS EVENT DURATION FOR 171 
TRANSLOCATION EVENTS PRESENTED ON FIG.11A, D) EVENT AMPLITUDE VERSUS EVENT 
DURATION FOR 140 TRANSLOCATION EVENTS PRESENTED ON FIG.11B. 
In Figure 17, the size distributions of 100 nm vesicles and 
80 nm SiO2 nanopartcles are shown together with the size 
distribution of 80 nm SiO2 nanoparticles obtained from SEM images 




FIGURE 16 SEM IMAGE OF NANOPARTICLES (RIGHT) AND IMAGEJ PATTERN (LEFT) 
USED TO DETERMINE PARTICLE SIZE DISTRIBUTION. 
Figure 18 shows the size distribution of 180 nm SiO2 
nanoparticles. We can see that the SEM image analysis data 
showed a long tail at larger sizes, while the translocation data 
showed a slightly longer tail at the smaller size. This is 
understandable and is due to the intrinsic property of the 
techniques. Namely the translocation method seems to favor 
smaller particles since it will block all particles which are 
larger than the pore size, while the image method temps to favor 
larger particles. Otherwise, there is reasonable agreement 
between the translocation data and the SEM analysis of the 80 nm 
and 180 nm SiO2 nanoparticles, since both indicate the maximum 
distribution at around 80 nm and 180 nm respectively. The 
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vesicle size distribution presented in Figure 17 (a) showed a 
narrower distribution. 
 
FIGURE 17 A) SIZE DISTRIBUTION OF 100 NM LIPOSOMES FROM TRANSLOCATION 
DATA, B) SIZE DISTRIBUTION OF 80 NM SIO2 NANOPARTICLES OBTAINED BY ANALYZING 






FIGURE 18 A) SIZE DISTRIBUTION OF 180 NM SIO2 NANOPARTICLES OBTAINED BY 
ANALYZING SEM IMAGE, B) SIZE DISTRIBUTION OF 80 NM SIO2 NANOPARTICLES OBTAINED 
BY USING EXPERIMENTAL TRANSLOCATION DATA. 
We also investigated the influence of electrode voltage on 
the translocation of nanoparticles. In Figure 19(a), the 
translocation plots of 180 nm SiO2 particles in 0.1M KCl solution 
are shown with electrode voltages of 1000, 700, and 400 mV 
respectively. In Figure 19(b), cluster plots of the three 
translocations at different voltages are shown. The differences 
between translocation processes at different voltages are 
evident. When 1000 mV applied to the electrode, the current 
pulses are easily observed. The average amplitude of the current 
pulses are on the order of 150 pA which can be seen in Figure 
19(b). However, we do observe a few relatively large pulses, 
which could be due to aggregated nanoparticles. Decreasing the 
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voltage from 1000 mV to 700 mV demonstrates a reduction in the 
event amplitude and an increase in the event duration (Figure 
19(b)). With a further decreasing of applied voltage to 400 mV, 
the average event amplitudes are further reduced to below 100 
pA.  In the insert of Figure 19(b), we show the average base 
current and also the average event amplitudes of the three 
translocation events. It can be seen that both the base current 
and the event amplitude both are almost linearly proportional to 
the applied electrode voltage as the previously described theory 
would predict. The baseline current decay may be attributed to 
several factors such as charging effect, electrode erosion, 
electrochemical reactions at capillary surface and others. It 
requires additional investigation to verify what exactly cause 
such phenomenon. However, in our work, such a small base current 





FIGURE 19 A) TRANSLOCATION SIGNALS OF 180 NM SIO2 NANOPARTICLES FOR THREE 
DIFFERENT VOLTAGE: A) 1000 MV POTENTIAL, B) 700 MV POTENTIAL, C) 400 MV 
POTENTIAL. PARTICLES WERE DISPERSED IN 0.1M KCL SOLUTION. PIPETTE WITH 320 NM 
PORE DIAMETER WAS USED B) EVENT AMPLITUDE VERSUS EVENT DURATION PLOT FOR THREE 
DIFFERENT VOLTAGES: 1000 MV, 700 MV, 400 MV AND DEPENDENCE OF EVENT AMPLITUDE 
VERSUS VOLTAGE (SEE INSERT). 
In the translocation measurements, we measure both the 
event amplitude and the event duration. The event amplitude is 
related to the size of the nanoparticles as we discussed 
earlier. Here we will pay some attention to the event duration. 
The event duration, typically depends on (a) the velocity of the 
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nanoparticles, and (b) the length of the channel. For a tapered 
channel such as a pulled pipette, it is difficult to define the 
exact length of the channel. Here we will examine the 
translocation pulse shape in the insert of Figure 14(b) and 
propose to use the leading edge of the current pulse to define 
an entry time. We define the entry time as the time interval 
required for the baseline current to drop to its minimum value 
in a single translocation signal. This time interval is 
associated with the time required for a particle to travel a 
distance of its diameter as it enters the micropipette. In our 
measurement circuitry, the main measuring device is the Axopatch 
200 for the current measurements. This instrument has been used 
for Patch Clamp measurements for the last 20 years. It can 
measure the ionic current through a pore that is only a few nm 
in diameter. It has a sampling time ~ 4 µs, while in our 
measurements, the entry time is on the order of 1 ms and the 
decay time is on the order of 5 ms. So, we believe that what we 
have measured is not the intrinsic rise-time of the measurement 
circuitry. 
The conical-shaped pore causes an asymmetric pulse shape as 
shown in the inset of Figure 14(b). The model we used is based 
on R. W. DeBlois and C. P. Bean. We used the pulse height to 
obtain the particle size information. The rationale behind this 
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is the fact that at the maximum pulse height, it is also the 
instance when the nanoparticle passes through the orifice. This 
is also exactly the time when the nanoparticles have the maximum 
effect on the ionic current of the system. This way, we can 
apply the static theory proposed by DeBlois & Bean to our time-
depend resistive pulse height measurements. 
The second point is that DeBlois & Bean theory described a 
symmetric channel while the channel in micropipette is 
asymmetric. This asymmetry affects two aspects of the resistive 
pulse measurements: (a) the slow decay of the height as the 
particle goes gradually toward larger radius part of the 
pipette, (b) net resistance of the channel. 
As can be seen from the drawing below, the slow decay of 
the height indicates the asymmetry of the channel, but it has no 
consequence on our measurements, since we only use the maximum 
pulse height for our size measurement. The net resistance of the 
asymmetrical channel is already embedded in the base current 
(corresponding to an open pore). This is explained in the 




FIGURE 20 SIGNAL ASYMMETRY DUE TO CONICAL SHAPE OF THE CHANNEL. 
Using this methodology, we analyze the average entering 
velocity of two different size SiO2 particles of 80 and 180 nm. 
The average entering velocity is assumed to be the ratio of 
radius to entering time for each particle. In Figure 21 the 
distributions of the entering velocity for 80 nm and for 180 nm 
SiO2 nanoparticles are shown. In both cases, the electrode 
voltage was 1.0 volt, and particles were dispersed in KCl bath 
solution with the same pH value. Our results showed that the 
average velocity of 80 nm SiO2 nanoparticle is about 36 μm/sec, 





FIGURE 21 AVERAGE ENTERING VELOCITY DISTRIBUTION FOR A) 80 NM (TOP) AND 
B) 180 NM (BOTTOM) SIO2 NANOPARTICLES. 
The terminal velocity of a nanoparticle in a fluid will 
depend on the size of the nanoparticle, the amount of charge it 
carries, the potential difference between the two electrodes, 
and the viscosity of the fluid. Comparing with size 
measurements, velocity measurements of nanoparticles are usually 
more difficult. Currently, several techniques used for the 
nanoparticles velocity determination. For example, micro 
electrical field flow fractionation has been used [28] to 
measure the velocity of fluorescent nanoparticles. They found 
that 28 nm size polymer nanospheres have an average velocity of 
50 μm/s. However, most widely used methods, which simultaneously 
can measure particle size and velocity, are Dynamic Light 
Scattering [29,30] and Laser Doppler Velocimetry [31]. Judging 
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from these previously published data, our preliminary velocity 
measurements seem to be reasonable. Our technique, as an 
alternative, is more accessible and may work with smaller 
nanoparticle size. Finally, we want to point out that the sample 
size of this resistive pulse method can be made quite small. In 
our case, a droplet of volume below one micro liter has been 
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CHAPTER 4: CAPILLARY IONIC TRANSISTOR. DEVELOPMENT AND 
APPLICATIONS 
Introduction 
Ability to control ionic and molecular transport in 
nanochannels attracts a lot of interest in chemistry and 
biophysics [1]. It plays an important role in many biological 
processes in living organisms [2,3]. Nanofluidic devices such as 
ionic diode and ionic transistor are essential elements in ionic 
transport regulating systems. It's also used in many 
biotechnological applications such as separation, sensing and 
drug delivery [4-6] and potentially can be lead to ionic logic 
operations. 
Ionic transistor is a device which enables control of ionic 
current through a nanochannel in both directions, by a small 
change in a gate voltage. The mechanism of this phenomenon can 
be explained by the change in electrostatic potential due to 
modulation of surface charge at the inner capillary wall. Solid 
surface immersed in an electrolyte solution, acquire a surface 
charge due to absorption of ions or dissociation of ionizable 
groups at the liquid - surface interface [7]. Depending on the 
pH value of the solution surface charge will be positive or 
negative. Borosilicate glass capillary filled with saline 
solution have a negative surface charge at pH 7. Increasing pH 
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tends to make surface charge more negative, while lowering the 
pH neutralize it and may even switch polarity [8]. Electrostatic 
interactions between capillary wall and aqueous solution affect 
ionic transport through the channel due to overlap of the 
electrical double-layer, which is possible only if the diameter 
of the channel is comparable to Debye length. The surface charge 
can be modulated externally by applying gate voltage [9,10]. 
This is similar to a field-effect transistor in semiconductor 
industry. 
In presented article we would like to introduce a gated 
ionic device based on pulled capillary, which provide transport 
control of inorganic ions, such as potassium and chloride (KCl), 
through nanochannel. Implementation of micropipette in ionic 
transistor device is absolutely novel, and opens a tremendous 
opportunity to combine the convenience of regular glass 
capillary with the ability to control ionic transport in 
different environments. It may be critical in drug delivery and 
injection applications, such as intracellular implantation. 
Pipette nanopore fabrication is one step procedure and can be 
done with many commercially available pullers, which make it 
very cost efficient compared to nanofabrication techniques such 




Micropipette was fabricated from borosilicate glass 
capillaries with initial inner diameter 0.5 mm and outer 
diameter 1 mm. Pulling was performed with commercial puller P-
2000 (“Sutter, Novato”, CA). Prior to pulling, capillaries were 
cleaned thoroughly with alcohol. The tip diameter of the 
nanopore and wall thickness after pulling was determined by 
Scanning Electron Microscopy (SEM) images. Wall thickness can 
vary depending on pulling settings, especially Heat temperature. 
In our experiment we used pipettes with 60 nm pore diameter, and 
wall thickness about 25-30 nm at the tip. In general, pipettes 
may have 3 different shapes (Figure 22) or combinations of them. 
Different shapes will not affect the operational principle of 
our devise as long as at least one dimension is smaller than 100 
nm. However, it may have different applications depending on 
pipette shape. In our device we used glass capillary, however, 




FIGURE 22 PIPETTES WITH DIFFERENT TIP CONFIGURATION. 
15 nm thick film of Chromium on the outer wall of pipette 
served as a Gate electrode. Deposition was performed by electron 
beam evaporation technique, with a pipette tip slightly tilted 
upwards to prevent blocking and deposition inside the pore. 
Chromium shows good adhesiveness to the glass, and relatively 
low oxidation ratio. It forms good, continues film on the outer 
capillary wall. Different thicknesses of Cr layers were tested, 
from 5 nm to 50 nm. Layers thicker than 30 nm, most of the times 
block the pore. On the other side, films below 10 nm are 
mechanically unstable. After a Cr deposition micropipette tip 
was coated with polymer by dipping it into a polymer photoresist 
solution. In order to remove excessive polymer and make coating 
uniform pipette was placed into a spinner and centrifuged with 
180 revolutions per minute for 60 seconds. After that, to 
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prevent blockage of the pore, pipette was connected to an air 
pump with flow direction from narrow to wide opening. As a final 
step, to solidify photoresist, pipette was baked at 120 Co for 2 
minutes. 
Principal scheme of the device presented on Figure 23. 
Coated micropipette filled with sodium chloride solution and 
immersed in the bath with the same solution. Ag/AgCl measurement 
electrode (Source electrode) was placed inside pipette, and a 
reference electrode (Drain Electrode) immersed into the bath 
solution close to capillary tip. Gate electrode was attached to 
the pipette coated with Cr, above the layer of photoresist. For 
Source-Drain current recording we used an Axopatch 200B 
amplifier in voltage clamp mode with a low-pass Bessel filter at 
2 or 5 kHz bandwidth. The signal was digitized by an Axon 
Instruments Digidata 1440A with sampling rate 250 kHz, and 
recorded by AxoScope 10.2 (Axon Instruments, USA). Axopatch also 
serves as a voltage source between Source and Drain electrodes. 
The gate was applied by regulated DC power supply. 
Picoampermeter is connected in series with the gate in order to 




FIGURE 23 SCHEMATIC DIAGRAM OF A CAPILLARY IONIC TRANSISTOR. THE IONIC 
CURRENT BETWEEN SOURCE AND DRAIN CAN BE CONTROLLED BY THE GATE VOLTAGE. 
Results and Discussion 
Positive current through the pore was established when 
positive voltage was applied to the Source electrode with 
respect to grounded Drain electrode. This means that positive 
potassium ions drift from wide opening of the pipette to the 
small opening. ISD-VSD curve was measured for potentials from -1V 
to 1V with an interval of 100 mV, for three different KCl 
concentrations 1M, 0.1M, 0.001M (Figure 24). For all 
concentrations pH value was buffered to 7. High concentrations 
show almost linear dependence, when low concentrations present 
rectification phenomena. Current flow through the pipette pore 
has a preferable direction from wide opening to small, while 
current in the reverse direction is suppressed. The 
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rectification behavior can be attributed to two factors: pore 
geometry and ion selectivity. The later one appears when the 
pore diameter is comparable to the electrical double layer 
thickness, and region at the tip of pipette filled with charge 
carriers opposite to the surface charge [11,12]. 
 
FIGURE 24 CURRENT-VOLTAGE RELATIONSHIP OF THE SOURCE-DRAIN AT ZERO GATE 
VOLTAGE FOR DIFFERENT CONCENTRATIONS OF KCL SOLUTIONS. LOW CONCENTRATIONS SHOW 
HIGHER RECTIFICATION RATIO. 
After I-V recording for 60 nm pore in 0.001M KCl solution, 
we introduce Gate voltage (Vg) with no potential difference 
between Source and Drain (VSD=0). Leakage current between Gate 
and Source (Ileak) did not exceed 15 pA for VG=±5V. ISD-VSD 
dependence for three different Gate potentials is presented on 
Figure 25. For Vg=0 we observed typical I-V curve for conical 
capillary pore [13,14]. For positive potential, which is 
increasing from VSD= 0V to VSD=+1V, current through nanochannel 
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will saturate and ISD=43 pA. While for reverse potential, which 
is decreasing from VSD=0V to VSD=-1V, current shows almost linear 
dependence and ISD=-84 pA. The rectification ratio, can be 
calculated as the ratio of channel conductance at VSD=+1V to 
channel conductance at VSD=-1V, and equal to 0.51. 
For Vg=-5V we observed even more current suppression for 
positive voltage. Current saturates and reach value ISD=31 pA for 
VSD=+1V. However, for negative Source-Drain voltage, current 
suppression is more significant and ISD=-41 pA for VSD=-1V. 
Therefore, rectification ratio is increased to the value 0.76. 
For Vg=+5V, we observed opposite behavior. It strongly affects 
positive current, giving rise in conductance and has almost no 
effect on the negative voltage current. When VSD=+1V current 
between Source and Drain electrodes rise to ISD=79 pA, and for 
VSD=-1V current is ISD= 90 pA. In this case the rectification 




FIGURE 25 DEPENDENCE OF SOURCE-DRAIN CURRENT AND SOURCE-DRAIN VOLTAGE FOR 
THREE DIFFERENT GATE VOLTAGES. POSITIVE GATE (BLUE) INCREASES CONDUCTANCE FOR 
POSITIVE VOLTAGES AND HAS ALMOST NO EFFECT ON NEGATIVE VOLTAGES. NEGATIVE GATE 
(RED) DECREASES CONDUCTANCE FOR BOTH, POSITIVE AND NEGATIVE VOLTAGES. THE 
LEAKAGE GATE CURRENT WAS SUBTRACTED FROM PRESENTED DATA. 
From experimental results it is clear that positive gate 
voltage increases channel conductance, while negative gate 
potential tends to decrease ionic transport in the channel. It 
is worth to notice, that rectification ratio increases in both 
cases, for positive and negative gate relative to zero gate. 
However, the rectification ratio for negative gate corresponds 
to low conduction state (“OFF” mode of our transistor), and for 
positive gate it represents a high conduction state (“ON” mode 
of the transistor). 
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To compare our results with previously reported work, we 
refer to several, recently published articles. For example, R. 
Karnik et al. [15] used a silica nanotubes with diameter 10-100 
nm and 30-40 nm height silicon dioxide channels to fabricate 
ionic transistor. Gate response of such a device is different 
from ours. For negative gate, Karnik reports increase in 
conductance, and for positive gate conductance decrease. Similar 
results were obtained by S-W. Nam et al. [16] and Z. Jiang and 
D. Stein [10]. In the work presented by Eric B. Kalman, Zuzanna 
S. Siwy, ionic transistor was fabricated based on single conical 
nanopore in polymer film with an insulated gold film [17]. 
Interestingly, their results are in a good agreement with our 
data. It is worth to notice that in the experimental set up 
designed by Siwy group, position of Source and Drain electrode 
is reversed, i.e. ground electrode is placed at big opening of 
the pore, while in our ionic transistor ground electrode is at 
narrow side of the pore. The theoretical model provided by Siwy 
seems reasonable and explains results observed in our 
experiments very well. For positive voltage between Source and 
Drain (VSD) potassium ions move towards grounded electrode, while 
anions are attracted towards Source electrode. Due to 
asymmetrical pore shape and negative surface charge, ionic 
current has a preferential direction, which leads to 
73 
 
rectification phenomena. When negative potential applied to the 
Gate it induces an extra charge on the inner capillary surface 
and makes it even more negative. It will affect the ionic 
concentration next to the pore by repealing anions from the 
Gate. Therefore, with decreasing number of anions around the 
pore, in order to maintain electroneutrality, concentration of 
cations will also decrease (Figure 26). This will create a 
depletion zone right next to the capillary tip. When negative 
potential VSD is applied across the pore there are not enough 
cations available for transport, which lead to negative current 
suppression. For positive VSD effect of negative gate is smaller, 
because there are sufficient amount of cations inside pipette. 
Increasing the Gate voltage will lead to the bigger depletion 
zone and it will have a bigger effect on ionic current. When 
positive voltage delivered to the Gate, reverse reaction happens 
(Figure 26). Negative surface charge diminishes, and depletion 
zone become smaller, allowing ionic current flow freely in both 
directions. Potentially, increasing the gate voltage to more 
positive values may flip surface charge to positive. However, in 
our experiment we did not go above +5V, because it usually leads 
to dielectric breakdown and may damage sensitive electrical 
equipment. It is important, that potential applied to the Gate 
do not supply charge carriers directly to the ionic current 
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between Source and Drain. It affects only ionic concentration 
around pipette tip. 
 
FIGURE 26 SCHEMATIC DIAGRAM OF DEPLETION ZONE FORMATION WITH NEGATIVE GATE 
VOLTAGE APPLIED. 
In our invention, Debye Length play an important role, and 
has to be sufficiently long to overlap. Thickness of electric 
double layer in an electrolyte (Debye Length) can be calculated 




 ( 14 ) 
I is the ionic strength of the electrolyte, and here the 
unit should be mole/m3, ɛ0 is the permittivity of free space, εr 
is the dielectric constant, kB is the Boltzmann constant, T is 
the absolute temperature in kelvins, NA is the Avogadro number, e 
is the elementary charge. 
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Debye Length depends on temperature and Ionic strength of 
the solution. Ionic strength depends on ionic concentration. 
Therefore, Debye Length increases with lower ionic 
concentrations and decreases for higher. That is the reason we 
used low concentration 0.001M KCL. In this case Debye Length 
appears to be about 300 nm. Different ionic solutions may be 
used, for example NaCl. 
Gate voltage does not change Debye Length; however it 
changes concentration of ions in the channel and in the vicinity 
of the tip, which affects current through the pore. 
One interesting feature of our transistor is that gate 
electrode is completely covering the whole channel. It ensures 
that whole channel affected by Gate potential and improves 
efficiency of the device. In contrast, other ionic transistors, 
due to manufacturing difficulties, have only small fraction of 





FIGURE 27 EFFECTIVE VOLUME OF SOLID-STATE PORE IONIC TRANSISTOR (LEFT) 
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